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Radio and Millimeter Monitoring of Sgr A*: Spectrum, 
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ABSTRACT 

We report new observations with the Very Large Array, Atacama Large Mil¬ 
limeter Array, and Submillimeter Array at frequencies from 1.0 to 355 GHz of 
the Galactic Genter black hole, Sagittarius A*. These observations were con¬ 
ducted between October 2012 and November 2014. While we see variability over 
the whole spectrum with an amplitude as large as a factor of 2 at millimeter 
wavelengths, we find no evidence for a change in the mean flux density or spec¬ 
trum of Sgr A* that can be attributed to interaction with the G2 source. The 
absence of a bow shock at low frequencies is consistent with a cross-sectional 
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area for G2 that is less than 2 x 10^® cm^. This result hts with several model 
predictions including a magnetically arrested cloud, a pressure-conhned stellar 
wind, and a stellar photosphere of a binary merger. There is no evidence for 
enhanced accretion onto the black hole driving greater jet and/or accretion flow 
emission. Finally, we measure the millimeter wavelength spectral index of Sgr 
A* to be flat; combined with previous measurements, this suggests that there 
is no spectral break between 230 and 690 GHz. The emission region is thus 
likely in a transition between optically thick and thin at these frequencies and 
requires a mix of lepton distributions with varying temperatures consistent with 
stratihcation. 

Subject headings: black hole physics, accretion, galaxies: jets, galaxies: active. 
Galaxy: center 


Introduction 


Accretion provid es the energy that powers radiation from the Galactic Genter black 


hole, Sagittarius A* f Genzel et ahll2010l: iFalcke fc MarkofabOlS h The VLT NIR discovery 


of an infalling object onto Sgr A*, named G2, offers an especially exciting possibility for 
probing the nature of that accreti on flow via potential interactions as the object goes through 
periastron fiGillessen et al.ll2012l) . If it is a pressure-confined gas cloud, the G2 object is 
estimated to have a gas mass of SM®, which is comparable to the total accretion flow 
mass within its closest approach. Best estimates indicate a highly eccentric orbit with a 
periastron to Sgr A* of ~ 2000 Schwarzschild radii (Rsrh), a r nere 2% of the Bo ndi accretion 
radius, in early 2014 f Gillessen et ah 2013 : Phifer et ah 2013 : Pfuhl et ah 2015). The origin, 
structure, and fate of the object remain uncertain. While the VLT observations of the 
Br-y transition indicate that G2 is being disrupted, through tidal processes and possibly 
through gas dynamic al processes, Keck N IR observations have shown a persistently compact 
L' continuum source fjWitzel et al.ll2014aj) . 


These observational results have le d to a range of models, f rom diffuse clouds to dense 


dusty stellar winds surrounding stars fISchartmann et al.l l2012l: iMurrav-Glav fc LoebI 12012 
Scoville fc BurkertI l2013l: iGuillochon et al.l 120141) . Both the nature of the accretion pro 


cess and the timescale on which it takes place depend sensitively on the density profile of 
the accretion region and the initial density structure of the object, among other factors 
flSchartmann et al.ll2012l: lAnninos et al.ll2012[) . Proposed models anticipate a steep increase 
in the accretion rate, potentially by several orders of rnagnit ude, and heightened variability 
on timescales of months to decades fjSchartmann et af.ll2012n . The G2 encounter could shed 
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l ight on the historic an d episodic Galactic Center flares seen throngh X-ray flnorescence 
flRevnivtsev et alJl2004ll . The processing of G2’s material throngh the accretion flow aronnd 
Sgr A* presents a nniqne opportnnity to stndy the radial density and temperature structure 
of the flow, Ailing in crucial gaps in our understanding of ultra-low-Eddington-luminosity 
accretion. 

The long-term monitoring at radio and millimeter wavelengths for Sgr A* demonstrates 
short-t erm variability and l ong-t e rm stability, consis tent with damped random walk evo¬ 
lution (iMacquart fc Bowen l2006t iDexter et al.l 1201411 . Since the detection of Sgr A* at 


(Do et al. 

2009; 

Dodds-Eden et al. 

2011 


campaigns to monitor Sgr A* over a wide range of wavelengths have been launched since 
the discovery of G2 was announced , none of which have detected significant changes in the 
flux d ensity or activity of Sgr A* flAkivama et al.l I20l4 IHaggard et al.l I20l4 iTsuboi et ah 


2 OI 5 I: iHora et ahl I20l4l , althou gh those searches did 


Center pulsar PSR J1745-2900 flDegenaar et al 


Rea et al.ll2013l: lEatough et al.l 120131: IShannon fc .TohnstonI 1201311 . 


2013 


ead to the discovery of the Galactic 


Kennea et al.l 120131: Mori et al.ll2013l: 


Among the predictions for G2 are strong increases in radio through millimeter spec¬ 
trum driven by two processes. Increasing the mass accretion rate at separations of a few 
Schwarzsch ild radii would be expected to lead to enhanced emission from th e accretion flow 
and/or jet f Falcke et al. 1993 : Markoff et al. 2007 : Moscibrodzka et al. 2012). The timescale 
for this accretion event may be as short as the free-fall time (~ 0.1 yr) or as long as the 
viscous time (0.1 - 100 yr). Additionally, a strong precursor effect has been predicted for low 
radio frequenci es due to the potent ial shock forming between the incoming object and the 
accretion flow (INaravan et al.ll2012l) . In this paper, we present Karl G. Jansky Very Large 
Array (VLA), Atacama Large Millimeter Array (ALMA), and Submillimeter Array (SMA) 
observations that span the time since the discovery of G2 through periastron. In Section [21 
we present the observations and analysis techniques. In Section [3l we give the results, which 
show a marked lack of any change in level of activity relative to historical variability. In 
Section m we discuss and summarize our conclusions. 


Observations and Data Reduction 


2.1. VLA Observations 


VLA observations were carried out as part of a service observing program on t he advice 
of an ad hoc committee (project code TOBS0006; ISiouwerman fc Ghandlerll20l4l between 
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late 2012 and mid-2014 (Tabled]) at frequencies between 1 and 41 GHz (Table [2|). Obser¬ 
vations were obtained in 8 separate observing bands, each with a total bandwidth of 2 GHz 
with the exception of L band observations, which had a total bandwidth of 1 GHz. For each 
band, the correlator was conhgured with 16 spectral windows, each with 64 channels, for a 
total of 1024 channels spanning the bandwidth of 2 GHz (1 GHz in the case of L band). 
Observations were snapshots of a few minutes’ duration in each of the eight frequency bands. 
Observations of 3G 286 were obtained for absolute gain calibration. 


Standard pipeline calibrat ion techniques in GASA were carried out by NRAO staff 
fjSiouwerman fc Ghandlerl 120141) . The pipeline produced calibrated visibility hies that we 
then analyzed with our own software. Table [T] summarizes beam sizes for Sgr A* for L and 
Q band (1.5 and 40 GHz, respectively) from images obtained from all of the data in each 
epoch. Unlike the reduction described below, the images included short baselines as a means 
of demonstrating the large beams that occurred. The ratio of Q to L band beam sizes does 
not exactly follow the expected frequency scaling ratio, which is indicative of the poorly 
shaped beams from these snapshot observations and frequency-dependent weighting in the 
imaging stage. We averaged the data in time into 30s intervals and in frequency for each 
spectral window. We then exported the data for further analysis with our code. 


We performed two kinds of analyses. For the hrst, we extracted flux densities for Sgr A* 
by averaging visibility amplitudes on baselines longer than 50 k\. Past experience has shown 



For the second analysis, we used a visibility subtraction method to determine deviations 
from the average flux density. This method is important for low frequency observations in 
compact conhgurations, where the extended flux domi nates that of Sgr A*. These ep ochs 


were reported to have upper limits as high as 15 Jy (e.g.. lGhandler fc Siouwermanll2013[) . For 


each epoch, we gridded the visibilities for each spectral window and then found individual 
grid cells for which there was an overlap between the individual epoch and the remain¬ 
ing ensemble. We differenced each epoch’s visibility grid against the grid derived from the 
ensemble of visibilities (minus the particular epoch). The differential flux density was de¬ 
termined as a weighted sum of the residual visibilities. We applied a weighting scheme that 
scales as the inverse of the (u, v) distance. That is, longer baselines have greater weight than 
shorter baselines in order to bias against contamination from extended structure. Different 
weighting schemes do not qualitatively alter our conclusions. The scatter in the differences 
determines the error. We then averaged over each observing band and, again, calculated the 
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error based on the scatter in the measurements. 


This visibility subtraction scheme works well given the large number of data sets and 
the hne frequency resolution of the observations. The frequency resolution permits us to 
make comparisons that are not limited by the steep spectral indices of some of the extended 
structures present in the Galactic Center. The large number of data sets gives good overlap 
between extended and compact structures. The method is sensitive to the effect of pairs 
of observations with significant overlap in {u,v) coverage, i.e., those conducted at the same 
sidereal time and in the same configuration. In this case, the method effectively differences 
those two epochs and does not provide a difference with respect to the average. This effect 
can be seen in the epochs 20131129 and 20131229, in which the flux difference for one mirrors 
the other. The apparent minimum in rms variability of the flux density excess at 5 GHz is 
the result of increasing variability toward high frequencies and decreasing accuracy of the 
method toward low frequencies because of the smaller number of long baselines. 


We summarize the mean flux densities and differential flux densities in Table [3l We 
show total intensity and differential spectra for Sgr A* i n Figures [Hand El We plot the total 


intensity spectrum alo ngside historical average spectra (IFalcke et al.lll998t IZhao et al.l 12001 


Herrnstein et al.l 120041) . 


2.2. ALMA Observations 

We carried out ALMA observations between mid-2013 and mid-2014 (Table 0]), over 
eight epochs, each with band 6 (230 GHz) and band 7 (345 GHz) receivers. Details of the 
frequency setup are presented in Table [2J One spectral window in each band was configured 
with higher spectral resolution in order to permit detection of hydrogen recombination lines. 
We will discuss those results in a separate paper. Observations were snapshots with durations 
of a few minutes. The total flux density, corresponding to Stokes I, was produced by summing 
the response of parallel handed cross-correlations of the orthogonal linearly polarized feeds. 

We set absolute amplitude calibration with observations of Titan and Neptune and set 
bandpass gains with observations of the compact source J1427-421. All calibrator sources 
and Sgr A* were phase-self-calibrated on timescales of a single integration (10 sec). For 
Sgr A*, phase self-calibration solutions were obtained only for baselines longer than 50 fcA. 
Flux densities for calibrators were determined by bootstrapping amplitude self-calibration 
solutions to the absolute flux density calibrator. Time-dependent amplitude gain solutions 
were applied to Sgr A*. Unfortunately, ALMA observations did not include system temper¬ 
ature measurements on Sgr A* itself. The pipeline software applied system temperatures 
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Fig. 1.— Spectrum of Sgr A* from VLA observations. Absolute flux densities are determined 



while ZOl and H04 represent averages over many years. 
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Fig. 2.— Differential spectrum of Sgr A* from all VLA epochs. 









obtained for J1733-130 (NRAO 530) to Sgr A*, which introduces an error because of the 
different atmospheric optical depth toward these two sources. To correct for this effect, we 
htted system temperatures for all sources in each epoch to determine the atmospheric op¬ 
tical depth and then applied the correct system temperature to Sgr A*. Typical changes 
to the amplitude gain were a few percent, with a maximum value of 7%. Flux densities 
for Sgr A* were obtained through htting a point-source of unknown flux to visibilities on 
baselines longer than 50 k\. We report the results in Table [5l We do not report statistical 
errors on the flux densities because these are typically ~ 1 mJy, much less than the likely 
uncertainty from gain calibration errors for these bright sources. We show ALMA spectra 
for Sgr A* and all sources in Figure |3l 

ALMA flux densities for the calibrators are consistent with recent SMA measurements 
of flux densities. We plot ALMA and SMA light curves for Sgr A* and J1733-130 in FiguresH] 
and [5l SMA data are described in the following Section. Where the data are contempora¬ 
neous, we see very good agreement in both ALMA bands. 

The variability of the calibrators sets an upper bound on the calibration accuracy for 
Sgr A*. J1733-130, J1700-261, and J1427-421 show 5%, 9%, and 14% variability, respectively, 
in the htted intensity at 230 GHz assuming a power-law spectrum for these sources. Thus, 
we take 5% as the systematic calibration error in the Sgr A* hux density. 


2.3. SMA Observations 


Observations of the hux density of Sgr A* were obtained using the SMA, an interfer¬ 
ometric array of eight 6-m diameter radio dishes located near the summit of Manna Kea, 
Hawaii flHo et al.l 120041) . In most cases the SMA was operating in a single receiver mode, 
providing 4 GHz continuum bandwidth in a single polarization, in two sidebands, with the 
array tuned to one of the three main SMA bands (1.3 mm, 1.1 mm and 870 micron). 


Data were obtained during short (~20 min), self-contained observation sets, in which 
observations of Sgr A* alternated with those of the relatively nearby blazar J1733-130, and 
were bookended with observations of a hux standard (typically Neptune). These observa¬ 
tions were “piggy backed” on full-track scheduled observations-of-the-day for the SMA. This 
explains the apparent randomness in sky frequencies. In addition, the hux densities were 
estimated from a measurements with a single linear polarization. The fractional linear po¬ 
larization in Sgr A* is typically in the range of 5-10 percent and changes rapidly. The single 
polarization estimate of the hux density for a polarization of 10 percent has an rms error of 
7 percent. This error is comparable to the level of the statistical errors. To this data set 
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Fig. 3.— Spectrum of Sgr A* and calibrators from ALMA observations. Lines connect 
spectra for Sgr A* (solid), J1427-421 (dotted), J1733-130 (dashed), and J1700-261 (dash- 
dotted). Symbols and colors denote the observational epoch. 
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Sgr A* 




Fig. 4.— ALMA and SMA light curves at 230 GHz (top) and 345 GHz (bottom) for Sgr A*. 
Each ALMA spectral window is plotted, covering 218 to 235 GHz (top) and 341 to 355 GHz 
(bottom). The two lower frequency spectral windows for each ALMA band are plotted with 
hlled symbols. These match most closely the plotted SMA flux densities, which are in the 
range 212 to 241 GHz and 331 to 356 GHz, respectively, and have mean frequencies of 221 
and 338 GHz. 
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Fig. 5.— ALMA and SMA light curves at 230 GHz (top) and 345 GHz (bottom) for 
J1733-130. Symbols are the same as in Figure 01 
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were added more extensive observations over several honrs in dnal polarization mode on 5 
Jnly and 15 Ang 2013, which allowed short-term monitoring. 


Data from each observing period were calibrated with the millimeter interferometer 
reduction (MIR) snite of rednction rontines developed by the SMA^ involving removal of 
visibility phase scatter dne to atmospheric instability and scaling visibility amplitnde via 
comparison with the flnx standard. Neptnne was the primary flnx standard nsed (85% of 
observations), with Uranns (13%) and Titan (2%) as the other stand a rds. F or Uranns and 
Neptnne, we nsed the broadband spectral model from iGriffin fc OrtonI (1l993l) . However, dne 
to the presence of broad CO absorption in the spectrnm of Neptnne which is not inclnded in 
the Griffin and Orton spectral £t, we opted to nse data that were at least 8 GHz separated 
from either the CO(l-2) or CO(3-2) rotational transitions. For Titan, we nsed the spectral 
model developed by anthor Gnr well, which is now inclnded in the CASA data rednction 
package as well (see iBntleii 120121) . In all cases the expected error on the flnx density scale 
based npon nsing these models is 5%. On the other hand, since we are most interested 
in tracking changes in flnx with time, the intrinsic bias in the flnx density model is less 
important. 


The presence of gas along the line of sight toward Sgr A* leads to deep absorption of the 
Sgr A* continnnm at the CO transitions, as well as their isotopolognes. For this reason, we 
masked spectral regions aronnd these transitions in the Sgr A* data. Likewise, the strnctnre 
of the visibility data from Sgr A* indicated we were sensitive to broad scale continnnm 
emission from dnst in the vicinity of Sgr A*. In order to limit onr data to emission from 
Sgr A* itself, we nsed only visibility data from baselines that exceeded 35 kA, or ronghly 
scales of 6"or hner, which was snfficient to isolate Sgr A* from the broader diffnse emission. 

Flnx densities from the SMA for Sgr A* and J1733-130 are tabnlated in Table O 


3. Results 

The mean spectrnm of Sgr A* from VLA, ALMA, and SMA observations is presented in 
Table [7] and FignreO along with variability, minimnm flnx, and maximnm flnx. Variability 
is snbstantially stronger at millimeter wavelengths than at radio wavelengths. The ratio of 
the rms variability to the total flnx density, known as the modnlation index, is 8% at 40 
GHz and below, while it is ~ 20% at millimeter wavelengths. This variability cannot be 
attribnted to differences in calibration accnracy. 


^http://www.cfa.harvard.edu/rtdc/data/process 
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Fig. 6.— Mean spectrum of Sgr A* from VLA and ALMA observations. The solid black line 
shows the mean and the shaded regions show the Icr boundaries for the flux density based 
on the rms o f the variations . We a lso plot a curve showing the 230 to 690 GHz spectrum as 
measured bv iMarrone et al.l (1200611 . We plot several model curves representing synchrotron 
emission from relativistic thermal Max well-Juttner d i stribut ions. We also plot NIR mean 
flux densities and spectral indices from Witzel et ah f 2014bll . along with a curve showing 
the extension of the NIR spectral index to shorter wavelengths (thin solid line). See text for 
details. 
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At VLA frequencies between 1 and 40 GHz, the mean spectral index a is 0.28 ± 0.03 
{S oc and shows evidence for steepening at short wavelengths. A mean spectral index of 
0.5 between 40 and 218 GHz is requ ired to connect the VLA and ALMA spectra, comparable 
to what has been seen previously flFalcke et aLlll998l) . We also £t the ALMA data with a 
power-law spectrum (Figure[7]). The mean spectral index for frequencies between 217 and 355 
GHz is a = —0.06±0.26, which is flatter and more variable than those of the calibrators. The 
calibrators have mean spectral indices between 217 and 355 GHz of —0.67±0.06, —0.56±0.08, 
and —0.57 ± 0.07 for J1733-130, J1700-261, and J1427-421, respectively. 


Marrone et ahl (120061) found that the 230 to 690 GHz spectral index ranged in four 
epochs from -0.4 to -1-0.2, with a mean of -0.13 . Our results span th e same range of a and 
are statistically indistinguishably from those of iMarrone et ahl (120061) : that is, the spectrum 
is consistent with a flat or slightly declining power-law spectrum above 230 GHz. Assuming 
stationary statistics for Sgr A* between the early observations and these new observations, 
we conclude that there is no evidence for spectral curvature or greater steepening in the 
spectrum between 230 and 690 GHz. 

The millimeter and submillimeter spectrum of Sgr A* indicates that the optical depth 
is ~ 1 at frequencies as high as 690 GHz. The result suggests that the source must be 
composed of stratified regions near the optically thick-to-thin transition in order to produce 
a near-flat synchrotron spectrum over this broad frequency range. A single optically thin 
synchrotron component canno t reproduce the spec t rum. This spectrum can be explained 
in the context of the classical iBlandford fc Konigll (119791) jet model, but also by inflowing 
accretion flow models with radially evolv ing density and magnetic fields together with some 
non-thermal particles (lYuan et aLll2003a|l . 


Despite this degeneracy in the emission geometry, it is clear that above 350 GHz, Sgr 
A* has to become optically thin. This c onclusion is supported by the transition to higher 
linear polarization at higher frequencies (iBower et ahl l2003l: iMarrone et ahl 1200611. and the 


increased variability and power-law spect r um seen in the infrared b and (e.g. 
2003 : Ghez et ah 2004 : Eckart et ah 2006 : Witzel et ah 2012 . 2014b). 


Genzel et ah 


Our simultaneous radio through submillimeter data can provide some interesting con¬ 
straints on the underlying particle distribution, when put into context with the infrared 
measur ements. In Fig. [6] we inclu de the average IR flux based on VLT and Keck measure¬ 
ments (jWitzel et ahl 120121 . l2014bll . These results are consistent with a mean flux density 
of ~ 3 mJy in the Kg band and a stable spectral index a ~ —0.6 between Kg and H 
band. Previous estimates of the NIR spectral index appear to show steeper spectral indices 
but may have suffe red from non-simultaneous observations of the variable flux density (e.g., 
Bremer et al.ll201ll ). To illustrate the new limits on the radiating particle distributions, we 
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Fig. 7.— Fitted 230-GHz flux density and spectral index from the ALMA data (217 to 351 
GHz) for Sgr A* and the calibrators. 
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plot for reference a series of synchrotron spectra from mildly relativistic thermal electrons in 
eqnipartition with the magnetic field, ranging from 1 — 30 x 10^° K, assnming an emission 


reg ion of size 3r^. 


K (jPoeleman et al 


le ob served brightness temperatnre of Sgr A* at 230 GHz is ~ 6 x 10^° 
2008h. These are fidncial valnes spanning the range from the litera- 


tnre (see, e.g.. IFalcke fc Markoffll2013l and references therein), to illustrate how stratified, 
self-absorbed regions can add to a near-flat spectrum, but also to place some limits on the 
fraction and distribution of non-thermal particles present. The peak of a given temperature 
component can shift by a factor of a few in frequency for different emission size regions or 
energy partition between radiating particles and the magnetic energy density. However, it 
is clear that a peak temperature (in the plasma closest to the black hole) below a few 10^° 
K cannot account for the extension of the self-absorbed spectrum through the ALMA range 
shown, and that a peak temperature much higher than a few 10^^ K would violate the IR 
limits. It is also clear from these spectra that a purely thermal distribution cannot account 
for the IR flux. 

The intersection of the IR power-law with the intermediate ranges indicates that a non- 
thermal “tail” of particles is present, with normalization on the order of < 1% of the thermal 
peak. This fraction is consistent with the results of fits to Sgr A* in quiescence, using a self- 
consistent calculation of the particle distr ibution given a mechanism for injecting a power-law 
of nonthermal particles flDibi et al.ll2014l) . Rec ent work exploring second-order acceleration 


processes in turbulent, magnetized plasmas by iLvnn et al. 


(l2ni4J ) shows the self-consistent 


production of a such a nonthermal tail; however, its slope and relation to the thermal peak 
may be difficult to match to these newest constraints. Therefore the combination of si¬ 
multaneous ALMA (eventually using even higher frequency bands) and IR data offers the 
best constraints yet on the shape of the radiating particle distributions and nonthermal 
fraction. The results presented here can already be used to guide implementation of the in¬ 
clusion of particle acceleration i n semi-analytical models fe.g. iMarkoff et al.ll200ll:lYuan et al. 

200911 and in the so-called “painting” of GRMHD simulations to 


2003b: Broderick fc Loeb 


produce images (e.g.. iDexter et al.l l2012l: iMoscibrodzka fc Falckell2013l: iMoscibrodzka et al. 
2014J:lGhan et al.ll2014i) . Simultaneous observations between ALMA, IR, and X-ray, particu¬ 


larly during flaring, would provide strong constraints on the upper extreme of the nonthermal 
population and accelerating mechanisms. 


3.1. Presence of a Bow Shock 


Bow shock emission from the interaction of G2 with the accretion fl ow was anticipated t o 
appear and peak months before the center of mass reached periastron flNaravan et al.ll2012l) . 
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The bow shock would excite nonthermal electrons that then produce synchrotron radiation 
in the magnetic held of the accretion how. The synchrotron radiation is expected to peak 
at frequencies near 1 GHz and decline with an optically thin power-law index ~ —0.7. 
The predicted peak hux density of the radio light curve scales with a number of factors, 
including the relative velocity of the cloud, the accretion how density prohle, the efficiency of 
nonthermal electron energy production, and the timescale for electrons to cool. Perhaps the 
most important term is the cross-sectional area of the shock as it impacts the accretion how. 


Sadowski et a 


fl2013h use the geometrical size of G2 as observed at large radii, ~ 3x 10^° cm^. 


Shcherbakov! fj2014l) . on the other han d, constructs a magnetica lly arrested, tidally distorted 


cloud, which has an area 


10^® cm^. 


Grumlev fc Kumar! (12013!) model G2 as a wind driven 


from a hidden star with a radius that shrinks as the external pressure in the accretion how 
increases, leading to a minimum area at periastron of ~ 10^® cm^. The hux density in all 
models scales linearly with the area. Thus, predictions of the 1 GHz excess hux density 
excess range from > 10 Jy for some models to < 0.1 Jy for others. 

Synchrotron lifetimes for the radiating electrons in the accretion inhow are long, so 
the timescale for t he radio emission is determined by the dynamics of the bow shock. 
Shcherbakov! (120141) predicts a characteristic timescale of four months, which is compara¬ 
ble to predictions in other models. 


The L band data alone in the hrst and last epochs of our experiment show that no 
signihcant secular change has occurred over the course of this experiment. Between October 
2012 and May 2014, the 1.5 GHz flux density changed by at most 12 mJy (2%). We can 
examine in more detail whether there is evidence for shorter time scale variations through 
an analysis of all the measurements in the three lowest VLA frequency bands. We compute 
estimates of the flux density excess above the average at 1.0 GHz using low frequency mea¬ 
surements (Figure IH]). We extrapolate the flux density excess at 1.5, 3.1, and 5.4 GHz to 1 
GHz, assuming a power-law spectrum with index a = —0.7, appropriate for optically thin 
synchrotron emission. At frequencies above 5 GHz, intrinsic variability rises rapidly and is 
likely to exceed estimates of any bow shock-related variability. 1.5 GHz results alone are 
sometimes only weakly sensitive to variations because of limited overlap in [u, v) coverage 
for the most compact conhgurations. 


The average 1 GHz flux density excess computed in this way is only significantly non-zero 
for a single epoch, 2013 August 08, with a value of 0.310±0.024 Jy. The excess is positive and 
comparable for all three bands and very high significance at 5 GHz. The subsequent epoch, 
2013 September 18, has a comparable value, 0.391 ± 0.211 Jy, but much lower significance. 
The total flux density spectrum for 2013 August 08 is one of the most elevated across the 
band, with a peak flux density of 1.8 Jy at 40 GHz. These observations were obtained in a 
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Fig. 8.— Estimates of the 1.0 GHz flux density excess above the average flux density. We 
extrapolate L, S, and C band (1.5, 3.1, 5.4 GHz) flux density excesses to 1 GHz using a 
power-law index of -0.7. The red symbols show the average of all three bands. Time is offset 
for the aver ages by 10 days f or clarity in the hgure. The arrow marks the estimated time of 
periastron (jPfnhl et al.ll2015[) . 
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compact configuration and no total flux density measurements were obtained at 1.4 and 3.1 
GHz. 


For 11 of 15 epochs, the 95% conhdence upper limit on 1 GHz flux density excess is 0.4 
Jy. For the remaining four epochs, the upper limit is 0.8 Jy. A four-month moving average 
of the average 1 GHz flux has a peak at 0.3 Jy, centered on the 2013 August 08 epoch, and 
typical values of 0.1 Jy. These results clearly exclude an object with size 3 x 10^° cm^. At 
95% conhdence, we can set an upper limit to the size of G2 of ~ 2 x lO^^crn ^. This can 
be attributed to the magnetica lly arrested cloud derived by IShcherbakovI (120141) or due to a 


pressure-conhned stellar wind flGrnmlev fc Knmajil2013l) . Alternatively, the detailed model 


of the accretion how structure could be in error. 


3.2. Changes in the Mean Spectrnm 


The new data appear to show higher radio hux densities at frequencies > 2 GHz over 
historical averages (Figure [1] and Table [7j). The 40.9 G Hz hux density, for inst ance, has 
a mean of 1.5 Jy and a range of 1.3 to 1.9 Jy, whereas iHerrnstein et ahl (120041) found a 
43 GHz hux density mean of 1.0 Jy and a range of 0.6 to 1.9 Jy. Similar results with 
smaller amp l itudes dih erences are a ppare nt at lower frequencies. The hux densities from 


Falcke et al.l (119981) and IZhao et al.l (120011 ) are higher than those of IHerrnstein et al.l (120041) 


Zhao et al. 

(2001) 

presented many epochs of archival data obtained between 1979 and 1999. 

Herrnstein et ahl ( 

2004) 

reported over 100 epochs with regular monitoring from 2000 to 2003, 

while 

Falcke et al 

(199 

8) is from a single-epoch simultaneous spectrum. 


Over the whole radio sp ectrum, we infer an increase of ~ 30% relative to IHerrnstein et al 


( 20041) and ~ 10% relative to lZhao et ah 


( 2001) in the tot a 


hux densi ty. These diherence s are 


Herrnstein et al.l (120041) and IZhao et al. 


comparable to the variability between 
consistent with variability seen in low-luminosity AGN (LLAGN) in general (iNagar et al. 


(2001) and 


2 OO 2 I: IH 0 II 2 OO 8 I) . Thus, these diherences cannot be attributed to any ehects associated with 
the G2 periastron. The mean hux density that we measure at 21 GHz, 1.16 ±0.05 Jy, is com¬ 
parable to the 22 GHz hux den sity measured over a similar time period with the Japanese 
VLBI Network, 1.23 ± 0.33 Jy (iTsuboi et ahl 120151) . The lower variability in our result may 
rehect some of the difficulties of providing accurate amplitude calibration for VLBI arrays. 

A comparison against historic al millimeter and su bmillimeter hux densities also does 
not reveal any signihcant change. iDexter et ahl (120141) presents historical data for Sgr A* 


at 230, 345, and 690 GHz with dates from 2001 through 2012. The hux densities from this 










































































20 


paper span timescales from minutes to years and were obtained with multiple telescopes with 
varying calibration accuracy. The mean ALMA Band 6 (230 GHz) flux density is 3.6 ±0.6 Jy 
while the mean historical flux density at 230 GHz is 3.4 ± 0.5 Jy. Similarly, for Band 7 (345 
GHz) and historical 345 GHz data, we hnd 3.6 ±0.8 Jy and 3.0 ±0.6 Jy, respectively. Results 
from the SMA data are comparable. Thus, increases in the millimeter and submillimeter 
mean flux density are no more than 20% relative to historical averages, again consistent with 
typical LLAGN variability levels. 


A Kolmogorov-Smirnov test shows that the ALMA and SMA measurements are consis¬ 
tent (p ~ 0.1) with o riginating from the same distribution. The ALMA and SMA measure¬ 


ments differ from the lDexter et al.l ( 20141) measur e ment s with varying signihcance. SMA 230 
and 345 GHz data differ from the iDexter et al.l (120141) distributions with p < 10“^, while 


the Band 6 (230 GHz) and Dexter 230 GHz and Band 7 and 345 GHz distributions differ 
with signihcances of p = 0.03 and p < 10“^. These variations may be partly the result of 
different calibration accuracies and as the result of evolution of the light curves over ~ 10 yr. 
Similar to the case with the radio spectrum, there is no clear evidence that the millimeter 
and submillimeter changes are the result of the G2 periastron. 


We have analyzed the light curve data for our measurements near 220 GHz from both 
ALMA and the SMA. There are 104 data points spanning an interval of 524 days with the 
shortest interval being 0.02 days. The data were binned in a sparsely hlled array of 32,768 
elements and Fourier transformed. The resulting spectrum was averaged into logarithmically 
spaced frequency intervals. The spectrum has a simple power law form characterized as 
S' oc /" over a frequency interval of 0.04 to 2 cycle/day. a was found to be —0.15 ± 0.08. 
The error bar was determined by bootstrap resampling. This result is intuitively obvious 
from the light curve, i.e. the variations over a period of a few day are uncorrelated and 
have the same range as the variations over the entire data span. The spectral variations 
from historical data at millimeter/submillimeter wavelengths are known to approximate 
white nois e at frequencies less than 3 cycles/day, with a steepening power law above that 
frequency (IDexter et al.l 120141) . It is plausible that an enhancement of emission caused by 
G2 might have produced long term variations indicative of red noise. However, there is no 
evidence for this effect. 


4. Discussion and Conclusions 

The spectrum of Sgr A* from radio to submillimeter wavelengths has remained remark¬ 
ably stable over the past 30 years. Our new VLA, ALMA, and SMA results demonstrate 
that this stability has continued throughout the apparent periastron passage of G2. In the 
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case of low-frequency emission, the absence of significant change permits us to constrain 
the size of the ensuing bow shock to be a factor of 30 smaller than the apparent G2 size 
observed with NIR wavelengths at larger distances from the black hole. These observations 
do not resolve the nature of G2. The smaller bow shock size is consistent with both cloud 
and stellar-wind models. 


Witzel et al.l fl2014al) propose a model that may reconcile the apparently discrepant NIR 


continuum and spectroscopic observations and may also be consistent with our results. L' 
continuum observations reveal a compact so urce while Br - y obser vations reveal an extended 
source that appears to be tidally disrupted. IWitzel et al.l f)2014al) argue that the continuum 
emission is the photosphere of a binary stellar merger, while the ionized emission represents 
a smaller tidally disrupted tail. The L' source has a cross-sectional area of ~ 6 X 10^'^ cm^, 
much less than our upper limit of 2 x 10^® cm^. However, the size of the extended Br- 
7 emission, which is consistent between VLT and Keck observations, primarily determines 
the creation of a bow shock. Some form of conhnement for the diffuse gas appears to be 
important for attenuating the shock amplitude. 


The lack of any enhanced short wavelength radio and millimeter emission from the 
black hole is also consistent with a compact size for G2. Simulations have shown that more 
extended objects are more readily disrupted and would therefore be more likely to have some 
gas initiate enhanced accretion onto the black hole. 

At shorter wavelengths, the mean flux density has not increased by more than ~ 20% 
relative to historical averages. This is within the range of variations seen in the past and in 
other LLAGN. Thus, we cannot attribute any increase in the flux density to a G2-induced 
enhancement of the accretion rate. The amplitude and timescale for a change in the accretion 
rate, should G2 be fully disrupted, are uncertain. In order for the disrupted material to 
enhance the flux density, the gas must reach a radius of a few Schwarzschild radii to contribute 
to the accretion flow and/or enhance jet power. The free-fall time from 1000i?5c/i is ^f/ ~ 0.1 
yr. If a fraction / of the material were on a plunging orbit due to tidal disruption or a spread 
in orbital characteristics, we would have expected an enhancement of the overall flux density 
during these observations. The flux density should scale as 


S \ M J ' 


( 1 ) 


wher e 7 ^ 1 is a model-dependent constant for jet a nd accretion disk models flFalcke et ah 


lep 

I993I : iMarkoff et ahl 12007 : iMoscibrodzka et al.l 120121 ). For a G2 mass of Mg 2 ~ SMq = 


10 ^Mq appropriate for the gas-cloud model and a steady-state accretion rate onto Sgr A* 
of iif ~ and ^ ~ 0.2, we hnd / ~ 2 x 10“^ for 7 = 1. That is, very little 
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of G2’s mass has yet accreted directly onto the black hole. Longer term monitoring (10 
yr) will be sensitive to / ~ 10“^ reaching the black hole through an increase of the average 
flux density. The bulk of the material is more likely to accrete on the viscous time scale, 
G >> tff. ty ~ where ay ~ 0.1 - 1 is the viscous parameter and H is the 

height at radius R. For reasonable parameters, G ~ 0.1 - 100 yr. Continued monitoring of 
the radio through millimeter flux densities can constrain further the properties and origin of 
G2 as well as the properties of the accretion flow at large radii. 

The long-term stability of the radio/millimeter spectrum indicates that episodic events 
such as a fully disrupted cloud falling onto the black hole are rare. Such cloud disruptions 
may take place but they must have timescales that are long compared to the free-fall time. 


We conhrm a flat spectrum for Sgr A* emission in the millimeter/sub millimeter regime. 
The emission is likely to originate from a stratihed region with optical depth in transition 
between optically thick and thin. Optically thick emission at fr equencies of > 2 30 GHz may 
influence images obtained with the Event Horizon Telescope flFish et al.ll2013|) . Accretion 
disk models with tilted disks and/or high ratios of ion to electron temperature produce large r 
regions with optical depth greater than 1 flMoscibrodzka et al.ll2009l: iDexter fc Fragilel 1201 311 . 
Higher optical depths may obscure or complicate the interpretation of gravitational lensing 
effects such as the black hole shadow. On the other hand, higher optical depth in regions 
that are offset from the black hole as expected from Doppler boosting may enhance the 
contrast associated with geometric features. New ALMA measurements of the spectrum at 
frequencies from 100 to 950 GHz can resolve the uncertainty in the spectrum between the 
submillimeter and the NIR regime and assist in optimization of EHT observations. 


The National Radio Astronomy Observatory is a facility of the National Science Foun¬ 
dation operated under cooperative agreement by Associated Universities, Inc. This paper 
makes use of the following ALMA data: ADS/JAO.ALMA^ 2012.1.00635.S. ALMA is a 
partnership of ESO (representing its member states), NSF (USA) and NINS (Japan), to¬ 
gether with NRG (Ganada) and NSG and ASIAA (Taiwan), in cooperation with the Republic 
of Ghile. The Joint ALMA Observatory is operated by ESO, AUI/NRAO and NAOJ. The 
Submillimeter Array is a joint project between the Smithsonian Astrophysical Observatory 
and the Academia Sinica Institute of Astronomy and Astrophysics and is funded by the 
Smithsonian Institution and the Academia Sinica. We thank Michael Johnson for helpful 
discussions. 
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Table 1. VLA Observations 


Epoch 

UT 

Beam Q band 
(arcsec^, deg) 

Beam L band 
(arcsec^, deg) 

Configuration 

20121014 

23:16 - 00:25 

0.13 X 0.11 , 11.7 

2.97 X 2.45, 45.1 

A 

20121222 

17:30 - 18:39 

0.17 X 0.06 , -15.8 

2.74 X 1.45, -12.5 

A 

20130218 

13:42 - 14:51 

4.36 X 1.65 , -13.6 

79.21 X 74.20, -72.9 

D 

20130323 

12:02 - 13:11 

4.39 X 2.77 , 29.3 

90.13 X 52.88, 36.9 

D 

20130426 

10:56 - 12:05 

4.43 X 2.83 , 28.0 

88.42 X 46.85, 50.2 

D 

20130609 

06:25 - 07:34 

1.53 X 1.12 , 42.9 

103.35 X 25.77, -26.2 

C 

20130808 

03:30 - 04:39 

1.39 X 0.93 , 24.2 

38.22 X 19.51, 29.1 

C 

20130918 

01:33 - 02:42 

0.75 X 0.40 , 63.1 

26.32 X 8.73, 32.4 

CnB 

20131026 

23:14 - 00:24 

0.43 X 0.27 , 28.9 

12.05 X 5.85, 23.4 

B 

20131129 

19:46 - 20:55 

0.41 X 0.28 , 23.4 

9.05 X 5.87, 26.8 

B 

20131229 

17:48 - 18:57 

0.43 X 0.30 , 33.7 

38.08 X 14.34, -1.3 

B 

20140215 

14:11 - 15:21 

0.14 X 0.10 , 37.3 

3.37 X 3.00, -101.8 

BnA 

20140322 

13:26 - 14:35 

0.13 X 0.09 , 22.0 

3.26 X 1.53, 24.0 

A 

20140426 

10:19 - 11:28 

0.12 X 0.08 , 27.0 

3.01 X 2.11, -27.4 

A 

20140531 

08:11 - 09:20 

0.28 X 0.15 , 43.6 

3.41 X 2.07, -28.1 

A 






Table 2. Frequency Coverage 


Tel. 

Band 

Slower 

(GHz) 

^upper 

(GHz) 

Nek 

VIA 

L 

994.0 

2006.0 

1024 

VIA 

S 

1988.0 

3948.0 

1024 

VIA 

c 

4488.0 

6448.0 

1024 

VIA 

X 

7988.0 

9948.0 

1024 

VIA 

u 

12988.0 

14948.0 

1024 

VIA 

K 

20188.0 

22148.0 

1024 

VIA 

A 

32008.0 

31968.0 

1024 

VIA 

Q 

39988.0 

41948.0 

1024 

ALMA 

B6-1 

217.0 

219.0 

128 

ALMA 

B6-2 

219.0 

221.0 

128 

ALMA 

B6-3 

231.0 

232.9 

3840 

ALMA 

B6-4 

232.8 

234.8 

128 

ALMA 

B7-1 

340.6 

342.6 

128 

ALMA 

B7-2 

342.6 

344.6 

128 

ALMA 

B7-3 

350.7 

352.7 

128 

ALMA 

B7-4 

352.7 

354.6 

3840 






Table 3. VLA Results 


Epoch 

Frequency 

(GHz) 

Flux Density 

(Jy) 

Delta Flux Density 

(Jy) 

20121014 

1.5 

0.578 ±0.016 

-0.055 ±0.026 

20121014 

3.0 

0.739 ±0.045 

0.010 ±0.014 

20121014 

5.4 

0.867 ±0.031 

0.059 ±0.025 

20121014 

8.9 

0.982 ±0.031 

0.093 ±0.005 

20121014 

13.9 

1.092 ±0.006 

0.078 ±0.007 

20121014 

21.1 

1.213 ±0.007 

0.045 ± 0.002 

20121014 

32.0 

1.370 ±0.011 

-0.041 ±0.009 

20121014 

40.9 

1.427 ±0.004 

-0.110 ±0.008 

20121222 

1.5 

0.558 ±0.029 

-0.062 ±0.054 

20121222 

3.0 

0.691 ±0.008 

0.020 ±0.025 

20121222 

5.4 

0.876 ±0.029 

0.068 ±0.027 

20121222 

8.9 

0.952 ±0.037 

0.037 ±0.015 

20121222 

13.9 

1.009 ±0.007 

-0.004 ±0.011 

20121222 

21.1 

1.170 ±0.012 

0.010 ±0.015 

20121222 

32.0 

1.525 ±0.102 

0.022 ±0.020 

20121222 

40.9 

1.478 ±0.052 

0.043 ± 0.043 

20130218 

1.5 


0.202 ±0.317 

20130218 

3.0 


0.424 ±0.413 

20130218 

5.4 


0.055 ±0.131 

20130218 

8.9 


0.081 ±0.075 

20130218 

13.9 

1.749 ±0.088 

0.186 ±0.028 

20130218 

21.1 

1.421 ±0.021 

0.140 ±0.011 

20130218 

32.0 

1.505 ±0.015 

0.059 ±0.008 

20130218 

40.9 

1.666 ±0.040 

0.163 ±0.015 






Table 3—Continued 


Epoch 

Frequency 

(GHz) 

Flux Density 

(Jy) 

Delta Flux Density 

(Jy) 

20130323 

1.5 


0.055 ±0.610 

20130323 

3.0 


0.023 ± 0.246 

20130323 

5.4 


0.038 ±0.083 

20130323 

8.9 


-0.020 ±0.026 

20130323 

13.9 

1.455 ±0.013 

-0.111 ±0.021 

20130323 

21.1 

1.344 ±0.035 

-0.134 ±0.015 

20130323 

32.0 

1.274 ±0.017 

-0.237 ±0.012 

20130323 

40.9 

1.395 ±0.018 

-0.211 ±0.009 

20130426 

1.5 


0.090 ±0.980 

20130426 

3.0 


-0.026 ±0.273 

20130426 

5.4 


-0.060 ±0.090 

20130426 

8.9 


0.041 ±0.037 

20130426 

13.9 


-0.009 ±0.021 

20130426 

21.1 

1.562 ±0.029 

0.122 ±0.009 

20130426 

32.0 

1.648 ±0.017 

0.254 ±0.015 

20130426 

40.9 

1.882 ±0.132 

0.374 ±0.023 

20130609 

1.5 


0.131 ±0.250 

20130609 

3.1 


-0.094 ±0.133 

20130609 

5.4 

1.097 ±0.105 

-0.083 ±0.060 

20130609 

8.9 

1.059 ±0.069 

-0.070 ±0.053 

20130609 

13.9 

1.137 ±0.040 

-0.060 ±0.006 

20130609 

21.1 

1.037 ±0.219 

-0.183 ±0.045 

20130609 

32.0 

1.286 ±0.051 

-0.108 ±0.052 

20130609 

40.9 

1.278 ±0.058 

-0.249 ± 0.059 









Table 3—Continued 


Epoch 

Frequency 

(GHz) 

Flux Density 

(Jy) 

Delta Flux Density 

(Jy) 

20130808 

1.5 


0.240 ±0.319 

20130808 

3.0 


0.106 ±0.043 

20130808 

5.4 

0.835 ±0.086 

0.096 ±0.007 

20130808 

9.4 

1.276 ±0.022 

0.055 ±0.008 

20130808 

13.9 

1.273 ± 0.038 

0.118 ±0.013 

20130808 

21.1 

1.335 ±0.031 

0.161 ±0.013 

20130808 

32.0 

1.596 ±0.006 

0.225 ±0.010 

20130808 

40.9 

1.826 ±0.014 

0.391 ±0.011 

20130918 

1.5 


-0.003 ±0.100 

20130918 

3.0 

0.796 ±0.025 

0.120 ±0.039 

20130918 

5.4 

1.134 ±0.032 

0.175 ±0.020 

20130918 

8.9 

1.190 ±0.023 

0.185 ±0.028 

20130918 

13.9 

1.295 ±0.014 

0.204 ±0.011 

20130918 

21.1 

1.336 ±0.013 

0.129 ±0.016 

20130918 

32.0 

1.227 ±0.031 

-0.172 ±0.031 

20130918 

40.9 

1.275 ±0.031 

-0.291 ±0.031 

20131026 

1.5 

0.588 ±0.037 

-0.055 ±0.150 

20131026 

3.0 

0.659 ±0.052 

-0.121 ±0.026 

20131026 

5.4 

0.826 ±0.020 

-0.015 ±0.023 

20131026 

8.9 

0.945 ±0.030 

-0.066 ±0.025 

20131026 

13.9 

1.085 ±0.015 

-0.016 ±0.008 

20131026 

21.1 

1.215 ±0.011 

0.022 ±0.003 

20131026 

32.0 

1.392 ±0.004 

0.057 ±0.007 

20131026 

40.9 

1.472 ±0.006 

0.013 ±0.014 






Table 3—Continued 


Epoch 

Frequency 

(GHz) 

Flux Density 

(Jy) 

Delta Flux Density 

(Jy) 

20131129 

1.5 

0.683 ±0.025 

-0.055 ±0.197 

20131129 

3.0 

0.896 ±0.150 

0.137 ±0.049 

20131129 

5.4 

0.782 ± 0.044 

0.147 ±0.026 

20131129 

8.9 

1.012 ±0.028 

0.241 ±0.018 

20131129 

13.9 

1.177 ±0.022 

0.335 ±0.008 

20131129 

21.1 

1.388 ±0.028 

0.393 ±0.017 

20131129 

32.0 

1.636 ±0.009 

0.492 ± 0.003 

20131129 

40.9 

1.829 ±0.032 

0.499 ± 0.005 

20131229 

1.5 


0.577 ± 1.013 

20131229 

3.0 

0.729 ±0.043 

-0.138 ±0.052 

20131229 

5.4 

0.647 ±0.062 

-0.149 ±0.026 

20131229 

8.9 

0.791 ±0.025 

-0.242 ±0.018 

20131229 

13.9 

0.887 ±0.028 

-0.335 ±0.008 

20131229 

21.1 

0.999 ±0.013 

-0.392 ±0.016 

20131229 

32.0 

1.146 ±0.005 

-0.490 ± 0.004 

20131229 

40.9 

1.334 ±0.054 

-0.498 ± 0.005 

20140215 

1.5 

0.538 ±0.095 

-0.032 ±0.189 

20140215 

3.0 

0.680 ±0.033 

-0.054 ±0.032 

20140215 

5.4 

0.720 ±0.040 

-0.043 ± 0.023 

20140215 

8.9 

0.877 ±0.022 

-0.010 ±0.020 

20140215 

13.9 

0.970 ±0.012 

-0.038 ±0.009 

20140215 

21.1 

1.135 ±0.008 

-0.027 ±0.009 

20140215 

32.0 

1.374 ±0.003 

0.035 ±0.007 

20140215 

40.9 

1.556 ±0.015 

0.080 ±0.014 






Table 3—Continued 


Epoch 

Frequency 

(GHz) 

Flux Density 

(Jy) 

Delta Flux Density 

(Jy) 

20140322 

1.5 

0.597 ±0.056 

0.009 ± 0.049 

20140322 

3.0 

0.682 ±0.025 

-0.056 ±0.011 

20140322 

5.4 

0.999 ±0.042 

-0.065 ±0.019 

20140322 

8.9 

0.860 ±0.017 

-0.042 ±0.013 

20140322 

13.9 

1.001 ±0.015 

-0.020 ±0.005 

20140322 

21.1 

1.166 ±0.008 

-0.003 ±0.013 

20140322 

32.0 

1.392 ±0.002 

0.042 ± 0.004 

20140322 

40.9 

1.526 ±0.004 

0.050 ±0.013 

20140426 

1.5 

0.512 ±0.077 

-0.076 ±0.219 

20140426 

3.0 

0.775 ±0.039 

0.039 ±0.017 

20140426 

5.4 

0.776 ±0.068 

0.007 ±0.034 

20140426 

8.9 

0.862 ±0.011 

-0.016 ±0.029 

20140426 

13.9 

0.944 ±0.009 

-0.088 ±0.005 

20140426 

21.1 

1.057 ±0.005 

-0.122 ±0.004 

20140426 

32.0 

1.264 ±0.006 

-0.124 ±0.006 

20140426 

40.9 

1.466 ±0.005 

-0.071 ±0.007 

20140531 

1.5 

0.590 ±0.009 

0.045 ± 0.034 

20140531 

3.0 

0.734 ±0.035 

-0.000 ±0.015 

20140531 

5.4 

0.828 ±0.043 

-0.052 ±0.020 

20140531 

8.9 

0.891 ±0.015 

-0.089 ±0.005 

20140531 

13.9 

1.019 ±0.011 

-0.065 ±0.008 

20140531 

21.1 

1.166 ±0.002 

-0.030 ±0.001 

20140531 

32.0 

1.428 ±0.058 

0.044 ±0.008 

20140531 

40.9 

1.871 ±0.177 

0.112 ±0.008 






Table 4. ALMA Observations 


Epoch 

UT 

Beam B6 (230 GHz) 
(arcsec^, deg) 

Beam B7 (345 GHz) 
(arcsec^, deg) 

Flux Gal. 

20130708 

02:14-02:44 

1.14 X 0.53, 65.1 

0.38 X 0.29, 73.8 

Titan 

20131102 

22:39-22:57 

0.91 X 0.46, -84.2 

0.51 X 0.30, -87.2 

Neptune 

20131218 

14:07-14:27 

1.36 X 0.64, 88.3 

0.93 X 0.44, 86.0 

Titan 

20140128 

10:26-10:44 

2.39 X 0.78, 78.8 

1.64 X 0.52, 77.6 

Titan 

20140222 

09:20-09:45 

1.89 X 0.92, 69.3 

1.28 X 0.62, 68.2 

Titan 

20140321 

09:17-09:35 

0.99 X 0.67, 79.3 

0.65 X 0.43, 77.1 

Titan 

20140425 

06:59-07:29 

0.71 X 0.58, 78.7 

0.45 X 0.38, 88.8 

Titan 

20140527 

05:47-06:06 

0.62 X 0.50, -75.2 

0.40 X 0.33, -75.8 

Titan 






Table 5. ALMA Results 


Epoch 

Source 

Flux Density (Jy) 

218.0 GHz 220.0 GHz 231.9 GHz 233.8 GHz 341.6 GHz 343.6 GHz 351.7 GHz 353.6 GHz 

20130708 

SgrAStar 

3.792 

3.795 

3.872 

3.892 

4.259 

4.278 

4.270 

4.265 

20131102 

SgrAStar 

4.635 

4.649 

4.752 

4.758 

4.537 

4.564 

4.569 

4.537 

20131218 

SgrAStar 

2.976 

2.970 

2.997 

3.010 

3.032 

3.046 

3.012 

3.003 

20140128 

SgrAStar 

3.868 

3.868 

3.944 

3.957 

4.293 

4.313 

4.309 

4.294 

20140222 

SgrAStar 

2.811 

2.803 

2.800 

2.801 

2.332 

2.341 

2.311 

2.301 

20140321 

SgrAStar 

4.078 

4.047 

3.983 

4.002 

3.476 

3.447 

3.428 

3.406 

20140425 

SgrAStar 

4.121 

4.111 

4.004 

4.163 

4.296 

4.287 

4.295 

4.064 

20140527 

SgrAStar 

3.054 

3.048 

3.054 

3.051 

2.587 

2.596 

2.568 

2.556 

20130708 

J1733-130 

1.359 

1.337 

1.256 

1.264 

0.952 

0.951 

0.917 

0.857 

20131102 

J1733-130 

1.586 

1.570 

1.429 

1.413 

0.998 

0.994 

0.995 

0.998 

20131218 

J1733-130 

1.771 

1.754 

1.668 

1.657 

1.311 

1.273 

1.261 

1.263 

20140128 

J1733-130 

1.576 

1.561 

1.477 

1.482 

1.203 

1.190 

1.181 

1.173 

20140222 

J1733-130 

1.649 

1.638 

1.557 

1.560 

1.214 

1.201 

1.192 

1.187 

20140321 

J1733-130 

1.517 

1.502 

1.426 

1.426 

1.125 

1.109 

1.097 

1.092 

20140425 

J1733-130 

1.545 

1.532 

1.406 

1.449 

1.140 

1.126 

1.114 

1.053 

20140527 

J1733-130 

1.619 

1.600 

1.517 

1.514 

1.179 

1.169 

1.142 

1.150 

20131218 

J1427-421 

2.899 

2.876 

2.739 

2.750 

2.131 

2.079 

2.065 

2.058 

20140128 

J1427-421 

3.073 

3.041 

2.908 

2.907 

2.422 

2.387 

2.375 

2.379 

20140222 

J1427-421 

3.370 

3.353 

3.201 

3.206 

2.665 

2.658 

2.639 

2.645 

20140321 

J1427-421 

3.773 

3.735 

3.570 

3.582 

2.931 

2.900 

2.859 

2.856 

20140425 

J1427-421 

4.015 

3.984 

3.669 

3.799 

-0.019 

-0.019 

-0.016 

-0.015 

20140527 

J1427-421 

4.227 

4.187 

4.002 

4.002 

3.253 

3.217 

3.191 

3.176 

20130708 

J1700-261 

0.967 

0.962 

0.914 

0.916 

0.701 

0.685 

0.666 

0.651 

20131102 

J1700-261 

0.791 

0.784 

0.721 

0.720 

0.517 

0.518 

0.525 

0.522 

20131218 

J1700-261 

0.774 

0.775 

0.732 

0.734 

0.592 

0.583 

0.574 

0.585 

20140128 

J1700-261 

0.887 

0.882 

0.842 

0.846 

0.716 

0.707 

0.706 

0.700 

20140222 

J1700-261 

0.969 

0.961 

0.921 

0.924 

0.749 

0.744 

0.738 

0.738 

20140321 

J1700-261 

0.846 

0.838 

0.800 

0.804 

0.664 

0.657 

0.650 

0.646 

20140425 

J1700-261 





0.773 

0.763 

0.757 

0.723 

20140527 

J1700-261 

1.072 

1.062 

1.004 

1.005 

0.824 

0.799 

0.803 

0.799 
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Table 6. SMA Results 


Epoch 

UT 

Frequency 

(GHz) 

‘S'sgr A* 

(Jy) 

*S'j1733-130 

(Jy) 

20130601 

13:18 

218.60 

3.217 

± 

0.168 

1.514 

± 

0.083 

20130605 

13:23 

336.40 

2.680 

± 

0.145 

1.110 

± 

0.081 

20130609 

13:21 

271.80 

4.743 

± 

0.246 

1.276 

± 

0.081 

20130610 

13:32 

265.99 

3.237 

± 

0.188 

1.271 

± 

0.106 

20130612 

12:15 

271.79 

4.055 

± 

0.206 

1.319 

± 

0.078 

20130615 

12:08 

218.48 

3.951 

± 

0.210 

1.514 

± 

0.086 

20130616 

12:53 

218.95 

3.956 

± 

0.210 

1.452 

± 

0.088 

20130617 

12:15 

219.71 

4.836 

± 

0.245 

1.452 

± 

0.080 

20130618 

12:03 

218.47 

4.605 

± 

0.237 

1.605 

± 

0.098 

20130619 

12:41 

218.95 

3.618 

± 

0.193 

1.489 

± 

0.088 

20130620 

12:13 

214.60 

3.982 

± 

0.207 

1.451 

± 

0.097 

20130621 

12:37 

218.77 

4.018 

± 

0.213 

1.454 

± 

0.119 

20130622 

12:41 

218.93 

3.957 

± 

0.205 

1.451 

± 

0.086 

20130623 

11:39 

218.68 

4.079 

± 

0.249 

1.464 

± 

0.114 

20130624 

12:10 

218.75 

3.986 

± 

0.224 

1.356 

± 

0.141 

20130626 

11:43 

218.68 

3.980 

± 

0.211 

1.395 

± 

0.083 

20130630 

12:13 

333.40 

3.832 

± 

0.259 

1.053 

± 

0.137 

20130701 

10:35 

342.96 

4.023 

± 

0.212 

1.056 

± 

0.083 

20130705 

07:18 

226.86 

4.204 

± 

0.228 

1.384 

± 

0.073 

20130705 

08:55 

226.86 

4.796 

± 

0.245 

1.420 

± 

0.072 

20130705 

11:41 

226.86 

3.980 

± 

0.204 

1.398 

± 

0.073 

20130708 

11:07 

218.87 

3.989 

± 

0.205 

1.409 

± 

0.074 

20130713 

10:55 

336.38 

3.524 

± 

0.195 

1.074 

± 

0.067 

20130714 

10:44 

333.40 

3.267 

± 

0.194 

1.116 

± 

0.101 

20130716 

10:36 

218.84 

3.265 

± 

0.184 

1.430 

± 

0.105 

20130717 

11:05 

265.99 

3.439 

± 

0.181 

1.263 

± 

0.088 

20130719 

10:32 

265.97 

3.315 

± 

0.170 

1.090 

± 

0.064 

20130720 

10:42 

271.78 

3.597 

± 

0.188 

1.206 

± 

0.080 

20130721 

10:30 

218.69 

2.887 

± 

0.152 

1.267 

± 

0.064 

20130723 

10:43 

218.84 

3.463 

± 

0.215 

1.391 

± 

0.141 






Table 6—Continued 


Epoch 

UT 

Frequency 

(GHz) 

‘S'sgr A* 

(Jy) 

*S'j1733-130 

(Jy) 

20130724 

10:45 

218.90 

3.522 

± 

0.207 

1.406 

± 

0.098 

20130728 

10:12 

336.07 

3.467 

± 

0.268 

1.174 

± 

0.258 

20130731 

10:07 

218.79 

3.869 

± 

0.401 

1.347 

± 

0.140 

20130801 

09:58 

218.79 

3.475 

± 

0.248 

1.419 

± 

0.085 

20130802 

09:38 

218.79 

4.200 

± 

0.217 

1.454 

± 

0.080 

20130803 

09:01 

218.82 

4.740 

± 

0.244 

1.428 

± 

0.072 

20130804 

08:46 

334.73 

5.044 

± 

0.287 

1.122 

± 

0.177 

20130804 

09:39 

215.44 

4.727 

± 

0.250 

1.499 

± 

0.089 

20130805 

08:51 

336.98 

4.854 

± 

0.340 

1.151 

± 

0.350 

20130806 

09:49 

218.96 

3.788 

± 

0.205 

1.558 

± 

0.087 

20130808 

09:09 

333.98 

4.014 

± 

0.291 

1.091 

± 

0.122 

20130809 

08:34 

218.85 

4.298 

± 

0.224 

1.538 

± 

0.098 

20130810 

09:13 

218.77 

4.356 

± 

0.333 

1.528 

± 

0.162 

20130811 

08:55 

218.77 

3.857 

± 

0.294 

1.451 

± 

0.138 

20130812 

09:10 

218.99 

3.744 

± 

0.205 

1.557 

± 

0.096 

20130813 

09:10 

218.66 

4.642 

± 

0.246 

1.513 

± 

0.089 

20130814 

08:19 

334.00 

4.469 

± 

0.275 

1.109 

± 

0.124 

20130815 

03:27 

226.85 

3.307 

± 

0.172 

1.517 

± 

0.085 

20130815 

03:56 

226.85 

3.228 

± 

0.173 

1.475 

± 

0.081 

20130815 

04:27 

226.85 

3.114 

± 

0.163 

1.514 

± 

0.084 

20130815 

04:56 

226.85 

3.062 

± 

0.165 

1.523 

± 

0.084 

20130815 

05:27 

226.85 

3.118 

± 

0.164 

1.510 

± 

0.083 

20130815 

05:56 

226.85 

3.641 

± 

0.192 

1.490 

± 

0.078 

20130815 

06:25 

226.85 

3.623 

± 

0.186 

1.510 

± 

0.081 

20130815 

06:57 

226.85 

3.582 

± 

0.184 

1.497 

± 

0.080 

20130815 

07:25 

226.85 

3.638 

± 

0.188 

1.516 

± 

0.088 

20130815 

08:01 

226.85 

3.742 

± 

0.196 

1.494 

± 

0.078 

20130815 

08:26 

226.85 

3.533 

± 

0.182 

1.495 

± 

0.083 

20130815 

08:53 

226.85 

3.529 

± 

0.182 

1.497 

± 

0.081 

20130815 

09:24 

226.85 

3.332 

± 

0.176 

1.530 

± 

0.090 






Table 6—Continued 


Epoch 

UT 

Frequency 

(GHz) 

‘S'sgr A* 

(Jy) 

*S'j1733-130 

(Jy) 

20130816 

08:12 

220.59 

3.149 

± 

0.165 

1.475 

± 

0.082 

20130914 

06:24 

218.93 

4.685 

± 

0.246 

1.540 

± 

0.083 

20130916 

06:28 

331.32 

5.048 

± 

0.282 

1.100 

± 

0.114 

20130917 

06:43 

219.19 

4.736 

± 

0.238 

1.550 

± 

0.079 

20130918 

06:15 

331.31 

5.492 

± 

0.280 

1.149 

± 

0.091 

20130920 

06:12 

331.31 

5.310 

± 

0.318 

1.162 

± 

0.169 

20130921 

05:01 

219.87 

4.778 

± 

0.242 

1.496 

± 

0.083 

20130921 

05:01 

334.79 

5.751 

± 

0.297 

1.155 

± 

0.104 

20130922 

05:49 

220.64 

4.566 

± 

0.233 

1.513 

± 

0.087 

20130922 

05:49 

355.92 

6.090 

± 

0.342 

1.132 

± 

0.197 

20130924 

05:38 

331.37 

5.093 

± 

0.297 

1.111 

± 

0.161 

20130925 

06:30 

219.21 

4.271 

± 

0.216 

1.540 

± 

0.080 

20130926 

06:28 

218.93 

4.345 

± 

0.219 

1.548 

± 

0.081 

20130928 

05:24 

220.71 

4.229 

± 

0.214 

1.561 

± 

0.086 

20130928 

05:24 

355.92 

5.330 

± 

0.294 

1.092 

± 

0.153 

20130930 

05:54 

220.28 

4.335 

± 

0.219 

1.557 

± 

0.082 

20131002 

05:32 

220.27 

5.007 

± 

0.261 

1.517 

± 

0.095 

20131003 

05:30 

220.27 

3.438 

± 

0.190 

1.577 

± 

0.125 

20131004 

04:22 

219.85 

5.101 

± 

0.260 

1.607 

± 

0.090 

20131006 

05:06 

334.92 

4.424 

± 

0.244 

1.163 

± 

0.113 

20131007 

05:00 

220.27 

4.574 

± 

0.232 

1.557 

± 

0.087 

20131008 

04:37 

239.61 

4.035 

± 

0.215 

1.521 

± 

0.085 

20131012 

04:26 

218.83 

5.420 

± 

0.290 

1.555 

± 

0.095 

20131013 

04:27 

218.83 

4.530 

± 

0.235 

1.492 

± 

0.090 

20131022 

04:08 

239.61 

3.630 

± 

0.190 

1.536 

± 

0.098 

20131101 

03:25 

218.90 

4.532 

± 

0.235 

1.618 

± 

0.098 

20131102 

03:16 

219.37 

4.118 

± 

0.219 

1.585 

± 

0.087 

20140116 

19:58 

225.02 

2.957 

± 

0.150 

1.383 

± 

0.071 

20140408 

13:59 

266.10 

3.482 

± 

0.180 

1.271 

± 

0.070 

20140409 

16:42 

334.01 

3.232 

± 

0.183 

1.157 

± 

0.106 






Table 6—Continued 


Epoch 

UT 

Frequency 

(GHz) 

‘S'sgr A* 

(Jy) 

*S'j1733-130 

(Jy) 

20140410 

17:01 

219.74 

4.211 

± 

0.214 

1.473 

± 

0.082 

20140412 

16:41 

218.92 

4.361 

± 

0.221 

1.549 

± 

0.081 

20140415 

16:22 

356.05 

4.146 

± 

0.280 

1.162 

± 

0.213 

20140416 

16:40 

218.78 

3.820 

± 

0.192 

1.441 

± 

0.075 

20140417 

16:37 

218.43 

3.976 

± 

0.203 

1.567 

± 

0.082 

20140422 

16:10 

220.56 

3.228 

± 

0.202 

1.491 

± 

0.091 

20140423 

16:47 

218.97 

3.479 

± 

0.188 

1.497 

± 

0.095 

20140425 

15:19 

215.27 

3.301 

± 

0.179 

1.578 

± 

0.083 

20140505 

15:01 

219.02 

4.022 

± 

0.212 

1.575 

± 

0.083 

20140506 

14:49 

218.74 

3.409 

± 

0.176 

1.588 

± 

0.087 

20140510 

13:43 

336.95 

4.499 

± 

0.237 

1.253 

± 

0.100 

20140511 

14:15 

336.95 

3.387 

± 

0.182 

1.241 

± 

0.112 

20140512 

15:43 

218.93 

4.155 

± 

0.214 

1.648 

± 

0.089 

20140521 

14:31 

219.00 

3.368 

± 

0.181 

1.584 

± 

0.087 

20140522 

14:12 

219.00 

4.127 

± 

0.215 

1.571 

± 

0.084 

20140523 

14:15 

332.14 

1.999 

± 

0.135 

1.205 

± 

0.113 

20140826 

08:13 

335.55 

3.173 

± 

0.168 

0.976 

± 

0.070 

20140829 

07:09 

353.75 

4.458 

± 

0.271 

0.880 

± 

0.208 

20140902 

07:39 

241.36 

2.955 

± 

0.153 

1.156 

± 

0.069 

20140903 

07:45 

271.52 

2.799 

± 

0.145 

1.054 

± 

0.069 

20140904 

07:07 

220.77 

2.586 

± 

0.138 

1.259 

± 

0.082 

20140905 

07:20 

220.77 

2.924 

± 

0.154 

1.242 

± 

0.082 

20140909 

07:18 

241.36 

3.020 

± 

0.176 

1.149 

± 

0.092 

20140912 

06:06 

335.59 

2.421 

± 

0.136 

0.750 

± 

0.068 

20140915 

05:45 

220.20 

2.158 

± 

0.153 

1.165 

± 

0.107 

20140917 

06:19 

333.39 

2.500 

± 

0.141 

0.670 

± 

0.084 

20140925 

05:40 

214.17 

2.154 

± 

0.119 

1.181 

± 

0.066 

20140930 

05:15 

219.42 

2.309 

± 

0.142 

1.159 

± 

0.066 

20141001 

05:50 

213.23 

2.747 

± 

0.159 

1.195 

± 

0.069 

20141002 

05:05 

213.44 

3.456 

± 

0.182 

1.225 

± 

0.068 






Table 6—Continued 


Epoch 

UT 

Frequency 

(GHz) 

‘S'sgr A* 

(Jy) 

5'j1733-130 

(Jy) 

20141003 

05:39 

219.52 

3.191 ±0.178 

1.196 ±0.069 

20141005 

05:25 

218.68 

2.557 ±0.160 

1.262 ±0.075 

20141006 

05:36 

218.67 

2.659 ±0.167 

1.190 ±0.075 

20141009 

05:18 

218.62 

4.222 ±0.250 

1.163 ±0.070 

20141015 

05:24 

219.71 

3.514 ±0.317 

1.149 ±0.140 

20141016 

05:16 

218.90 

3.804 ±0.259 

1.148 ±0.087 

20141021 

05:03 

220.26 

4.190 ±0.235 

1.175 ±0.090 

20141025 

04:09 

219.42 

3.139 ±0.170 

1.150 ±0.065 

20141029 

04:10 

335.58 

3.783 ±0.227 

0.824 ±0.115 

20141030 

04:03 

335.58 

3.365 ±0.219 

0.893 ±0.130 

20141031 

04:18 

356.16 

2.961 ±0.282 

0.971 ±0.178 

20141103 

04:10 

220.27 

3.502 ±0.316 

1.158 ±0.175 

20141104 

04:09 

218.63 

3.701 ±0.346 

1.062 ±0.251 

20141107 

03:49 

220.26 

3.680 ±0.281 

1.102 ±0.096 

20141109 

03:55 

333.33 

3.531 ±0.252 

0.672 ±0.117 

20141110 

03:46 

333.36 

2.359 ±0.199 

0.787 ±0.084 

20141112 

03:51 

333.36 

2.609 ±0.201 

0.717 ±0.093 
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Table 7. Mean Spectrum of Sgr A* 


Freq. 

(GHz) 

Mean Flux Density 

(Jy) 

Standard Dev. 

(Jy) 

Minimum Flux Density 

(Jy) 

Maximum Flux Density 

(Jy) 

-^epoch 

Tel. 

1.6 

0.592 

0.028 


0.512 


0.683 

8 

VLA 

3.1 

0.702 

0.032 


0.659 


0.896 

10 

VLA 

5.4 

0.870 

0.118 


0.647 


1.134 

12 

VLA 

9.0 

0.932 

0.129 


0.791 


1.276 

12 

VLA 

14.0 

1.075 

0.135 


0.887 


1.749 

14 

VLA 

21.1 

1.164 

0.052 


0.999 


1.562 

15 

VLA 

32.0 

1.382 

0.087 


1.146 


1.648 

15 

VLA 

40.9 

1.485 

0.073 


1.275 


1.882 

15 

VLA 

218.0 

3.667 

0.650 


2.811 


4.635 

8 

ALMA 

220.0 

3.661 

0.652 


2.803 


4.649 

8 

ALMA 

231.9 

3.676 

0.664 


2.800 


4.752 

8 

ALMA 

233.8 

3.704 

0.680 


2.801 


4.758 

8 

ALMA 

341.6 

3.602 

0.866 


2.332 


4.537 

8 

ALMA 

343.6 

3.609 

0.870 


2.341 


4.564 

8 

ALMA 

351.7 

3.595 

0.884 


2.311 


4.569 

8 

ALMA 

353.6 

3.553 

0.860 


2.301 


4.537 

8 

ALMA 

216.8 

3.677 

0.762 


2.154 


5.420 

68 

SMA 

223.9 

3.391 

0.489 


2.586 


4.796 

23 

SMA 

238.2 

3.310 

0.424 


2.955 


4.035 

4 

SMA 

266.8 

3.369 

0.096 


3.237 


3.482 

4 

SMA 

274.0 

3.526 

0.697 


2.799 


4.743 

4 

SMA 

331.1 

3.205 

1.074 


1.999 


5.492 

14 

SMA 

338.3 

3.436 

0.863 


2.421 


5.751 

13 

SMA 

352.6 

4.890 

0.721 


4.146 


6.090 

4 

SMA 






